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The Co Knight shift was measured in an aligned powder sample of Na2,Co02- 1/H2O, which 
, shows superconductivity at Tc ~ 4.6 K. The Knight-shift components parallel {Kc) and per- 

pendicular to the c-axis (along the ah plane Kab) were measured in both the normal and 
superconducting (SC) states. The temperature dependences of Kab and K^ are scaled with the 
bulk susceptibility, which shows that the microscopic susceptibility deduced from the Knight 
shift is related to Co-3d spins. In the SC state, the Knight shift shows an anisotropic tempera- 
ture dependence: Kab decreases below 5 K, whereas K^ does not decrease within experimental 
accuracy. This result raises the possibility that spin-triplet superconductivity with the spin 
' component of the pairs directed along the c-axis is realized in Naa;Co02- 2/H2O. 
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Superconductivity in Na2;Co02-?;H20 {x 0.35, y 
1.3) with a transition temperature of 5 K was 

discovered by Takada et al} Although Tc is smaller by 
one order of magnitude than in cuprate superconductors, 
much attention has been paid because of the unique two- 
dimensional layer crystal structure in which supercon- 
ductivity occurs. The C0O2 units form a two-dimensional 
hexagonal layered structure, which is in contrast with the 
tetragonal structure of cuprates. 

Until now, various experiments revealed that this su- 
perconductivity is of a non-s-wave type, where electron 
correlations play an important role.^"^ We have studied 
the relationship between magnetic fluctuations and the 
superconducting (SC) transition temperature T^,^'^ and 
shown that the highest Tc in the system is observed in the 
vicinity of the magnetic phase.'' In addition, we suggest 
from the experimental point of view that the crystal-field 
splitting between aig and e'g states of Co-3c? t2g orbitals 
. is an important parameter for determining superconduc- 
tivity from measurement of the electric quadrupole fre- 
. quency vq by nuclear quadrupole resonance (NQR) on 
■ various samples with different values of Tc.^ Quite re- 
. cently, a mechanism for the superconductivity in cobal- 
' tate superconductors was proposed by Yanase et al.^ and 
Mochizuki et al.,^ which is in good agreement with the 
above experimental results. In this mechanism, p-wave 
or /-wave spin-triplet superconductivity induced by fer- 
romagnetic fluctuations is anticipated. In fact, the pos- 
sibility of spin-triplet superconductivity is suggested by 
several theoretical studies. ^""^^ In order to understand 
the mechanism of this superconductivity, experimental 
identification of the SC symmetry in Naa;Co02-?/H20 is 
a crucial issue. 

To identify the symmetry, we need to measure the spin 
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susceptibility in the SC state. The most reliable and pre- 
cise measurement of the spin susceptibility in the SC 
state is through the Knight shift, which measures the 
effective field at the nuclear site produced by conduc- 
tion electrons. Although preliminary Knight-shift mea- 
surements using a powder sample show a decrease in the 
spin susceptibility for an applied field in the C0O2 plane 
below Tc,^"^'^* the symmetry of the SC pairing cannot 
be determined until the Knight shift for the field along 
the c-axis (Kc) is precisely measured. In this paper, we 
report results of Knight-shift measurements in the field 
parallel and perpendicular to the c-axis. It was found 
that Kc does not decrease within an experimental accu- 
racy in the SC state, which is in sharp contrast to that 
perpendicular to the c-axis (Kab) in the SC state. 

The powder sample we measured is carefully charac- 
terized by X-ray diffraction, inductively coupled plasma 
atomic-emission spectroscopy (ICP-AES), and redox 
titration measurements. The results of the analyses are 
the following: the lattice parameters are a= 2.825 and 
c= 19.714 A, Na content is a: = 0.351 and the valence 
of Co is -t- 3.37. Oxygen atoms of the CoOg octahedron 
are partially exchanged by ^^O atoms with the nuclear 
spin. The detailed i^O-NMR and ^^Co-NQR results are 
already published in the literature.^* A magnetization 
measurement in a field of 1 mT shows the appearance of 
a Meissner signal below 4.6 K as shown in Fig. 1. The 
resonance frequency of the ±5/2 ^ ±7/2 transition of 
Co NQR is 12.45 MHz, slightly larger than that of the 
highest- Tc sample (12.40 MHz).^ According to the phase 
diagram we developed,^ this sample is situated near the 
border between superconductivity and magnetism. The 
nuclear spin-lattice lattice relaxation rate 1 /Ti was mea- 
sured by Co NQR. The temperature dependence of 1/Ti 
divided by temperature 1/TiT shows an anomaly at 4.9 
K, slightly higher than the onset temperature of the 
Meissner signal. The anomaly of l/TiT might be a SC 
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precursor effect related to the two-dimensional character 
of the compound. 
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Fig. 2. Co NMR spectra for (a) _ff ||afe plane and (b) c-axis powder 
pattern in an aligned powder sample. The sharp peak shown by 
* arises from an impurity phase. Both powder-pattern spectra 
are well explained by calculation, shown by red lines. Here, the 
NMR parameters are V;, =4.10 MHz and r\ = 0.22. 



Fig. 1. Temperature dependence of Xbulk in Naa;Co02- J/H2O 
measured at 1 mT by zero-field cooling process. The temper- 
ature dependence of 1/TiT is also shown. 



The powder sample was aligned using the nonreactive 
liquid "Fluorinert" in a magnetic field of 6 T and was 
fixed by solidifying the liquid as reported in the liter- 
ature.^^ In this condition, the crystalline a-and 6-axes 
are parallel to the applied field due to the anisotropy 
of the magnetic susceptibility (i.e., the crystalline c-axis 
is distributed in the plane perpendicular to the field). 
The Co NMR spectrum obtained for this condition is 
denoted as a "77I|a5 plane" Co NMR spectrum, which 
is a two-dimensional powder pattern due to the distri- 
bution of the a- and h- axes with respective to the field. 
Then the aligned sample is rotated by 90° so that the 
plane in which the c-axis is distributed is parallel to the 
applied field. The Co-NMR spectrum taken under this 
condition is denoted as a "c-axis powder-pattern" spec- 
trum. It should be noted that NMR signals arising from 
the -ff ||c axis show peaks in the "c-axis powder-pattern" 
spectrum more clearly than those in an ordinary "three- 
dimensional powder-pattern" spectrum. The relationship 
between the anisotropy of the magnetization and NMR 
spectrum is precisely discussed in the literature. 

Figure 2 shows the Co NMR spectra for the (a) li\ah 
plane and (b) c-axis powder-pattern, both of which were 
obtained at a frequency of 49.3 MHz by sweeping the 
magnetic field. Both spectra are well reproduced by cal- 
culations with NMR parameters in the figure caption. 
Spectrum (a) shows a typical two-dimensional powder 
pattern with a sharp peak (A) arising from the central 
(1/2 ^ ^1/2) transition. From peak (A), the Knight 
shift Koh is precisely determined. In spectrum (b), sin- 
gularity peaks which are not observed in the _ff ||a6 plane 
spectrum are observed. These peaks arise from the -ff He- 
axis signal. However, a sharp peak marked by * which 



shows that the temperature-independent behavior over- 
laps with the i?||c central-transition peak. This extra 
peak arises from some impurity phase, since this peak 
was observed even in the spectrum (a) and T\ of this peak 
is extraordinarily long. Thus, we measured the Knight 
shift along the c-axis (Kc) at the 1st satellite peak (B) 
(1/2 ^ 3/2 transition) of the i/||c-axis signal shown by 
the arrow, not at the central peak, although the signal 
intensity of the central peak is much stronger than that 
of other satellite peaks. 

The resonance fields of peaks (A) and (B) {H^^^ and 
i?^s) are plotted in Fig. 3(a) against temperature. Kah 
and Kc shown in Fig. 3(b) were evaluated from H^^^ and 
iJj^g using the following formula, 

..At ^ Mi + A-j + ||(i-|„) 

7„i?fe. = Z.o(l+i^a6)+^^.-3-^, 

72 vq 

where 7n and vq are the gyromagnetic ratio for a Co 
nucleus and the measured frequency, and and 77 are 
the NQR frequency along the principle axis (z-axis) and 
the asymmetric parameter defined as (y^x — Vyy)/vzz^ re- 
spectively. In the estimation of the Knight-shift values 
using the NMR spectra with relatively larger NQR fre- 
quencies, the temperature dependence of the Vz should 
be taken into account, and was measured by two inde- 
pendent methods, i.e., from a split of two satellite peaks 
in spectrum (b) of Fig. 2 and two NQR frequencies corre- 
sponding to the ±3/2 <^ ±5/2 and ±5/2 ^ ±7/2 tran- 
sitions at various temperatures. The Vz values evaluated 
by these two methods are shown in Fig. 3(c). The Vz 
values estimated from spectrum (b) in Fig. 2 is slightly 
smaller than those from the NQR frequencies due to the 
"pulling toward the center of the resonance" which is 
typically seen in a powder pattern spectrum. The tem- 
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Fig. 3. (a) Temperature dependences of resonance fields of peaks 
(A) and (B) (H^^ and H^^^). (b) Temperature dependences of 
Kab and Kc estimated from and (see text), (c) Tem- 

perature dependences of Uz values. Closed and open circles de- 
note evaluated from two first-satellite peaks and two NQR 
transitions, respectively (see text), (d) K^b and Kc are plotted 
against Xbulk- 



perature dependences are, however, in good agreement 
with each other. Using the Vz values from a spht of the 
satelhte peaks, Kc and Kab were estimated. Kab and Kc 
are plotted against the bulk susceptibility in the temper- 
ature range between 10 and 100 K as shown in Fig. 3(d). 
The temperature dependences of Kab and Kc are qual- 
itatively different from the previous results showing a 
temperature-independent behavior, -'^^^^'^ but are in good 
agreement with the result by Kato et al.^^ The Knight 
shift behavior seems to depend on samples, and is now 
being investigated in various samples. 

In metallic compounds, the observed Ki(T) is the sum 
of two contributions: Ki(T) = Kl^^ + Kl{T) {i = ab, c), 
where K^^t^ is temperature- independent, and Kl{T) = 
A\^^Xs{T)- Here, A\^f is a hyperfine coupling constant 
and Xs{T) is the spin susceptibility. From the slope of 
Fig. 3(d), it is shown that the microscopic spin sus- 
ceptibility at the Co nucleus site scales with the bulk 
susceptibility originating from Co-id spins through the 
coupling constants and Afjf, which are estimated 
to be 3.37 ± 0.19 and 1.21 ± 0.11 T ///s, respectively. 
The value of is in good agreement with the pre- 
vious value. The anisotropy of Kl is estimated to be 
AKc/AKab 0.37 ± 0.06. The positive values of Am 
imply that for both H\\c and H\\ab the Fermi-contact in- 
teraction is dominant in the hyperfine coupling between 



the nucleus and electrons. 

In the SC state, Xs probes the spin symmetry of the 
Cooper pairs with a total spin of S* = or 1. For spin- 
singlet pairing, Xs in all directions decreases in the SC 
state, whereas for spin-triplet pairing, Xs remains con- 
stant for the field parallel to the spin direction of the 
pair, but diminishes for the field perpendicular to the 
spin direction if the spin-orbit coupling is strong enough 
to pin the spin direction to a certain crystal axis. How- 
ever, Xs remains constant in all directions when the spin 
direction is changed by the applied field due to a pinning 
interaction smaller than the applied field. An anisotropic 
temperature dependence of Xs is expected in the spin- 
triplet pairing state if the pinning interaction is stronger 
than the applied field. 
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Fig. 4. Upper figure: Co NMR spectra of H\\ah plane and c-axis 
powder pattern in aligned powder sample at a frequency of 17.3 
MHz. The sharp peaks denoted by * arises from an impurity 
phase. Bottom figures: Temperature variation of peaks denoted 
by (a), (b) and (c). 



The "i?||a6 plane" and "c-axis powder-pattern" Co 
NMR spectra obtained at a frequency of 17.3 MHz are 
shown in the upper panel of Fig. 4. The Knight shift 
below Tc was measured at the several peaks shown by 
arrows in the spectra. Peak (b) in the spectra arising 
from the H\\ab plane signal shifts below 5 K, but peaks 
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(a) and (c) arising from the H\\c signal do not shift, as 
shown in Fig. 4(b), and Fig. 4(a) and 4(c), respectively. 



0.25 



LO 

I 

II 

is: 

< 



0.00 



-0.25 



-0.50 




• 9kOe H//C 

• 16kOe H//ab 



T(Hllab): 




— 1.35 K 
2.3 K 

3.2 K 

4.5 K 

1 .35K spectrum 
shifted by -0.15% 



0.87 0.88 0.89 
H (T) 



10 



T (k; 



Fig. 5. Temperature dependences of K^b a^nd Kc determined 
from Fig. 4. In the figure, the deviation from the Knight shift 
at 5 K is plotted. The inset shows peak (a) measured at various 
temperatures. The 1.35 K spectrum shifted by —0.15% is also 
shown for reference (see text). 



The temperature dependences of Kc and Kab derived 
from the temperature variations of peaks (a) and (b) in 
Fig. 4 are shown in Fig. 5. Here, Kc is determined at the 
cross point of two fitting Hnes between 0.865 and 0.885 
T and between 0.900 and 0.920 T as shown in Fig. 4(a), 
and Kab is determined from the field at the peak max- 
imum. In Fig. 5, the deviation from the Knight shift at 
T = 5 K is plotted against temperature. Kab decreases 
below 5 K slightly higher than Tc, which is consistent 
with the anomaly of l/TiT shown in Fig. 1. The AKab 
at 1.5 K (= Kabil.5 K) -Kati^ K)) is -0.4%. If the SC 
pairing were in a spin-singlet state, Kc should decrease 
down to AKc — —0.15 ±0.02%, which is estimated from 
the anisotropy of the normal-state Kl. This is because 
the spin component of the singlet pair diminishes in all 
directions. It should be noted that this change is one or- 
der of magnitude larger than the SC diamagnetic shift 
0.02%) which was observed from a sharp Na-NMR 
signal. Although the SC transition at 0.9 T parallel to 
the c-axis was confirmed by the measurement of l/Ii, 
such a decrease in Kc is not observed at all. Peak (a) 
measured at various temperatures below 4.5 K is shown 
in the inset of Fig. 5, where the signal intensity of each 
spectrum is normalized. No shift is detectable in these 
spectra. The spectrum shifted by —0.15%, which is the 
expected Knight-shift decrease in the case of the singlet 
pairing, is also shown in the inset by the red line. Such a 
small difference is difficult to detect from the peak posi- 
tion, but can be recognized from the steep slope on the 
left as seen in the inset. We stress that the change of 
—0.15% is detectable from the present experimental ac- 
curacy, but was not observed in the measurement. Our 



result is in sharp contrast to the previous Kc result re- 
ported by Kobayashi et al.,^^ in which single crystals 
of Naa;Co02- I.3H2O including non-SC compounds were 
used. The reasons for the discrepancy are unclear at the 
moment, but should be clarified in the near future. Fur- 
ther Knight-shift measurements using a high-quality sin- 
gle crystal and/or a c-axis- aligned sample are highly de- 
sired. 

The behavior of Xs in the SC state revealed by the 
present Knight-shift measurement cannot be explained 
by a spin-singlet pairing state, but raises the possibility 
of a spin-triplet superconductivity with the spin compo- 
nent of the SC pairs parallel to the c-axis. One of the 
most promising states within such a spin-triplet state is 
expressed as xk^ + yky using the SC d- vector. This state 
is analogous to the S-phase of superfluid '^He, which does 
not break time-reversal symmetry. The absence of the 
spontaneous field revealed by the /xSR measurements is 
consistent with this state. ^'^ 

In conclusion, we have shown from Knight-shift mea- 
surements using an aligned powder sample that the 
temperature dependence of Xs in the SC state of 
Naa;Co02-yH20 is anisotropic: Xs'' decreases below 5 K 
but Xs does not within an experimental accuracy. This 
result raises the possibility that Na2;Co02-yIl20 is a 
spin-triplet superconductor, in which the spin compo- 
nent of the triplet pair is parallel to the c-axis. 
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